Cerebral cavernous malformations (CCM) consist of clusters of abnormally dilated blood vessels. Hemorrhaging of these lesions can cause seizures and lethal stroke. Three loci are associated with autosomal dominant CCM, and the causative genes have been identified for CCM1 and CCM2. We have generated mice with a targeted mutation of the Ccm1 gene, but an initial survey of 20 heterozygous mice failed to detect any cavernous malformations. To test the hypothesis that growth of cavernous malformations depends on somatic loss of heterozygosity at the Ccm1 locus, we bred animals that were heterozygous for the Ccm1 mutation and homozygous for loss of the tumor suppressor Trp53 (p53), which has been shown to increase the rate of somatic mutation. We observed vascular lesions in the brains of 55% of the doublemutant animals but none in littermates with other genotypes. Although the genetic evidence suggested somatic mutation of the wild-type Ccm1 allele, we were unable to demonstrate loss of heterozygosity by molecular methods. An alternative explanation is that p53 plays a direct role in formation of the vascular malformations. The striking similarity of the human and mouse lesions indicates that the Ccm1 
Cerebral cavernous malformations (CCM, OMIM no. 116860) are vascular abnormalities consisting of clusters of greatly dilated thin-walled vessels. 1, 2 The dilated vessels are lined by a single layer of endothelial cells and lack smooth muscle. Typically, normal cerebral parenchyma does not penetrate the lesion. Instead, connective tissue surrounds the vessels so that the lesion forms a mass distinct from the surrounding parenchyma. Cavernous malformations can form in any part of the central nervous system, and some patients with CCM also have cutaneous vascular malformations. 3 Hemorrhaging of the vessels in a cavernous malformation can result in headaches, seizures, and stroke, that are sometimes lethal.
Three loci have been linked to autosomal dominant CCM, 4 -7 and the genes responsible for CCM1 8, 9 and CCM2 10, 11 have been identified. Both KRIT1 (the protein product of CCM1) and Malcavernin (product of CCM2) may be involved in integrin signaling. 10, 12, 13 Mutations in CCM1 include deletions and point mutations throughout the KRIT1 protein, but all seem to result in frame-shifts and premature truncation of the protein. The few predicted missense mutations have been shown to affect mRNA splicing instead. 14 -16 This allelic series suggests that the phenotype is because of loss of function of the KRIT1 protein.
The focal nature of the randomly scattered lesions, together with the observation that patients with inherited CCM are more likely to have multiple lesions than patients with sporadic cases of the disease, 2 has led to the suggestion that formation of cavernous malformations requires somatic loss of the wild-type allele. In the sporadic cases of CCM, two independent somatic mutations would be required in the same cell, whereas in inherited CCM, only one somatic mutation would be required. The alternative to this two-hit model is simply that heterozygosity for CCM1 mutations results in haploinsufficiency and disease.
We have generated mice with a targeted mutation of Ccm1 and previously described the phenotype of homozygous mutants. 17 Complete loss of Ccm1 is embry-onic lethal, and the phenotype suggests a primary defect in arterial morphogenesis. Gene expression analyses indicated that during development, Ccm1 is required in an arterial-specific pathway involving Notch4. This observation suggests that despite their appearance, cavernous malformations are derived from defective arteries, not veins. Here, we describe the phenotype of the heterozygous mutant mice and present evidence that loss of the tumor suppressor Trp53 (p53) predisposes mice to development of vascular malformations.
Materials and Methods

Mice
The generation of B6;129-Ccm1 tm1Dmar mice has been previously described.
17 B6.129S2-Trp53 tm1Tyj mice were obtained from the Jackson Laboratory (Bar Harbor, ME). In our laboratory, the 18, 19 all F2 mice were euthanized by CO 2 between 3 and 4 months of age. All mouse experiments were performed with approval of the Duke University Animal Care and Use Committee.
Genotyping
DNA was isolated from tail biopsies by proteinase K digestion, phenol-chloroform extraction, and ethanol precipitation. Polymerase chain reaction (PCR) primers for genotyping Ccm1 tm1Dmar mice have been described previously. 17 Primers for genotyping Trp53 tm1Tyj mice were 5Ј-TGACTC-CAGCCTAGACTGATGTTG (intron 6, forward), 5Ј-CCTGT-CATACTTTGTTAAGAAGGG (PGK-polyA, forward), and 5Ј-GTGATGATGGTAAGGATAGGTCGG (exon 7, reverse).
Tissue Processing and Histological Staining
All brains were fixed in buffered formalin by immersion so that small blood vessels would not be distorted by perfusion and so that they could be more easily identified by the presence of red blood cells. After fixation overnight at 4°C, the brains were cut into 2-mm coronal slices using an acrylic brain matrix (Electron Microscopy Services, Washington, PA). Any visible vascular lesions were photographed with a Coolpix 995 digital camera (Nikon, Melville, NY) attached to a dissecting microscope. The coronal slices were embedded in paraffin wax and cut into 5-m sections on a Microm HM325 microtome (Microm International, Walldorf, Germany). The sections were mounted on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA) and examined stained (bright field) or unstained (dark field) with an Olympus BX41 microscope (Olympus America, Melville, NY).
Hematoxylin and eosin (H&E) staining was performed using Harris-modified hematoxylin (Fisher Scientific) and alcoholic eosin, yellowish (Fisher Scientific). Masson trichrome staining was performed by the Duke University histopathology core facility. Sections were photographed with a Cool Snap Pro digital camera (Roper Scientific, Trenton, NJ) attached to an Olympus BX41 microscope.
Immunofluorescence
Sections were deparaffinized in Citrisolv (Fisher Scientific) and rehydrated through a graded ethanol series. Antigen retrieval was performed by boiling the slides in 10 mmol/L sodium citrate. After antigen retrieval, the slides were rinsed in phosphate-buffered saline (PBS), pH 7.4. Before incubation with the primary antibody, each section was blocked with 1 ml of 10% normal goat serum (Santa Cruz Biotechnology, Santa Cruz, CA) in PBS for 1 hour. Rabbit polyclonal antibodies against von Willibrand's Factor (G9269; Sigma-Aldrich, St. Louis, MO), laminin (L9393; Sigma-Aldrich), and ␣-smooth muscle actin (SMA) (Lab Vision, Fremont, CA) were diluted according to the manufacturers' instructions. Sections were incubated for 1 hour in 1 ml of primary antibody diluted in PBS plus 2.5% goat serum. Sections were then washed three times with 1 ml of PBS. Fluorescently labeled secondary antibody (Alexa Fluor 594; Santa Cruz Biotechnology) was diluted in 1 ml of PBS plus 2.5% goat serum, and sections were incubated for 1 hour in the dark. After secondary incubation, the slides were washed in PBS, and coverslips were mounted with Prolong anti-fade reagent (Molecular Probes, Eugene, OR).
Microdissection and Mutation Detection in Mouse Lesions
Laser capture microdissection of hematoxylin-stained sections was performed using an Autopix LCM system (Arcturus Bioscience, Mountain View, CA). Isolated tissue was digested using the Picopure DNA extraction kit (Arcturus Bioscience) and used as template in PCR. Because of the small amount of template, PCR amplification of the tetranucleotide microsatellite required two rounds of 40 cycles each with nested primers. In the second round of amplification, one of the primers was labeled with 32 P. The primers for the first round of amplification were 5Ј-CAAACATGTTCCAGGTATCCTGTG and 5Ј-GGCAGGCA-GATTTCTGAGTTCGAG. The primers for the second round of PCR were 5Ј-TCCTGTGACAAGAATGGATCCCAG and 5Ј-GAGGCCAGCCTGGTCTACAGAGTG. The PCR products were separated by electrophoresis through a 6% polyacrylamide gel and visualized by autoradiography.
Mutation Detection in Human TP53
Sections of cavernous malformations from patients with known mutations in CCM1 were deparaffinized, rehydrated, and stained with 0.1% methyl green for 5 minutes. After rinsing, the lesions were scraped up with a scalpel blade while the section was viewed under a dissecting microscope. Dissected material was digested in 15 to 50 l of proteinase K digestion buffer (10 mmol/L Tris-HCl, pH 8.0, 1 mmol/L ethylenediaminetetraacetic acid, 1% Tween-20, 1 mg/ml proteinase K) for 48 hours at 55°C, with the addition of 1 l of 50 mg/ml proteinase K after the first 24 hours. The digest was then heated to 95°C for 20 minutes, and used as template in PCR reactions. The primers used to amplify coding exons of TP53 were designed using the Primer 3 program (http://www-genome. wi.mit.edu/cgi-bin/primers/primer3www.cgi). Primer sequences and PCR amplification conditions are available on request. Gel-purified PCR products were sequenced using the BigDye Terminator Cycle Sequencing Ready Reaction version 1.1 (Applied Biosystems, Foster City, CA) and run on an ABI Prism 3730 sequencer (Perkin Elmer, Wellesley, MA). Data were analyzed using Sequencher software version 4.1.4 (Gene Codes, Ann Arbor, MI) by comparison to a reference sequence (GenBank, NM000546).
Results
No Vascular Lesions in Ccm1
ϩ/Ϫ Heterozygotes As previously described, homozygosity for the knockout allele Ccm1 tm1Dmar (hereafter indicated Ccm1 Ϫ/Ϫ ) is lethal at midgestation. 17 Although the embryos have clear vascular abnormalities, the central nervous system is insufficiently developed to support formation of a vascular lesion that could be classified as a mature cavernous malformation. Because CCM1 is an autosomal dominant disease in humans, we expected that heterozygous knockout mice would be the appropriate model for the disease. For an initial survey, we examined the brains of 20 heterozygous mice for the presence of cavernous malformations. The mice ranged in age from 8 weeks to 14 months and were from generations F1 to N3 of a C57BL/6J backcross. All 20 brains were cut into 2-mmthick coronal slices and examined with a dissecting microscope. A subset of 10 brains, chosen at random, were embedded and completely sectioned. No cavernous malformations were observed.
Identification of Vascular Lesions in Ccm1
To test the two-hit model genetically, we used a two generation intercross to generate mice that were heterozygous for the Ccm1 mutation and homozygous for loss of the tumor suppressor gene Trp53 (p53) (see Materials and Methods). Analysis of fibroblasts isolated from homozygous Trp53 Ϫ/Ϫ mice has shown an increase in the rate of somatic mutation, including deletions, mitotic recombination, and chromosome loss. 20 We hypothesized that these molecular events might lead to an increased incidence of loss of heterozygosity (LOH) at the hemizygous Ccm1 locus, and lead to the development of vascular lesions.
In the second generation of the intercross, vascular lesions bearing many of the hallmarks of cavernous malformations were found in five of nine animals with the genotype Ccm1 ϩ/Ϫ Trp53 Ϫ/Ϫ (Table 1) . No vascular lesions were found in littermates with other genotypes; three of the five vascular lesions were easily identified on the surface of the brain or in the 2-mm coronal slices (Figure 1 ; A, C, and E), but no lesions were observed in 42 littermates that were examined in the same way. Additionally, 10 Ccm1 ϩ/ϩ Trp53 Ϫ/Ϫ and 3 Ccm1 ϩ/Ϫ Trp53 ϩ/Ϫ brains were fully sectioned without revealing any vascular lesions. These results indicate that the vascular lesions are not solely because of loss of Trp53, nor are they because of modifier effects of any 129 alleles derived from the embryonic stem cells that might become homozygous as a result of the intercross. No gross lesions were observed on cursory examination of the other internal organs. Because cutaneous vascular lesions have been reported in some human CCM patients, 3 we flayed several Ccm1 ϩ/Ϫ Trp53 Ϫ/Ϫ animals and examined the underside of the skin. No vascular lesions were visible.
Characterization of Vascular Lesions
The histological characteristics of the vascular malformations on H&E staining differed between animals to some extent, but all featured ectatic, thin-walled blood vessels that resembled modestly to markedly dilated capillaries ( Figure 1 ). Most had walls composed of endothelial cells and had minimal collagenous material. In general, brain parenchyma was entrapped between the abnormal blood vessels ( Figure 1D, arrow) , but in some lesions the vessels abutted one another ( Figure 1F ). These histological features overlap with classical examples of the three common, nonarterial, human cerebrovascular malformations: cavernous malformation, venous malformation, and capillary telangiectasia. Most of the vessels resembled the ectatic capillaries of capillary telangiectasia, and the intervening brain tissue had minimal reactive changes in : ϫ40 (B, D, H); ϫ200 (F, G) . these cases. Other vessels, however, were markedly dilated; these were generally isolated vessels or just a few vessels together, resembling so-called venous malformations. Occasional lesions had more collagenized, closely apposed vessels, along with mineralization and evidence of remote hemorrhage, suggestive of cavernous malformation (see below and Figure 4 ). These had reactive changes, such as gliosis, in the adjacent brain. In the largest lesion, different regions had varying appearances, with areas resembling each of the three human malformation types ( Figure 1B) . The lesions were found in several brain regions: cerebellum, motor cortex, third ventricle, and adjacent to the fourth ventricle. The mouse with the lesion of the third ventricle ( Figure 1H ) was found dead in the cage, but none of the other animals had an overt phenotype (eg, ataxia, lethargy, seizures) before dissection.
Masson trichrome staining revealed that, as in cavernous malformations, the blood vessels within several of the mouse lesions were surrounded by connective tissue rather than brain parenchyma (Figure 1 ; B, F, and G). Staining with antisera against von Willibrand's factor confirmed that the vessels were lined with a single layer of endothelium, and endothelial cells were not present in the intervening tissue (Figure 2A ). The histological appearance of the lesions, together with these immunohistochemical results, rules out hemangiosarcoma, which has been reported in a subset of Trp53 knockout mice. 18, 19 Although the vessels comprising cavernous malformations express SMA, [21] [22] [23] they lack the muscular walls of arteries. Staining with antibodies against SMA demonstrated that the vessels within a mouse lesion expressed SMA at levels intermediate between a vein and an artery of similar size and that the lesion vessels did not appear to posses muscular walls ( Figure 2C ). Expression of laminin was variable in the mouse lesions. In the largest lesion, many of the vessels completely lacked laminin ( Figure 3A) , although it was expressed in normal vessels of the surrounding brain parenchyma ( Figure 3C ). In contrast, vessels in several of the smaller lesions appeared to express laminin normally (eg, Figure 3D ). The published data on laminin expression in human cavernous malformations is similarly inconsistent. Kilic and colleagues 22 observed laminin expression, whereas Rothbart and colleagues 23 concluded that laminin was absent from cavernous malformations.
Cavernous malformations often contain regions of thrombosis and/or calcification, together with macrophages containing hemosiderin. Both calcified vessels and thrombi were observed in several of the mouse lesions ( Figure 4, A and B) , and at higher magnification, hemosiderin-filled macrophages could be identified by their shape and color ( Figure 4C ).
In one Ccm1 ϩ/Ϫ Trp53 Ϫ/Ϫ animal, a small, irregular fresh hemorrhage was observed ( Figure 5A ) indicating ongoing hemorrhagic events in these animals. As indicated above, no cavernous malformations were observed in the original C57BL6/J backcross, but an irregular blood vessel was observed in a 10-month-old F1 heterozygote ( Figure 5B ).
Testing for LOH in a Mouse CCM
The genetic evidence from the intercross is consistent with the two-hit hypothesis and an increase in the somatic mutation rate in the Trp53 Ϫ/Ϫ mice, but confirmation requires detection of LOH at the Ccm1 locus. The Ccm1 mutation was produced in R1 embryonic stem cells (strain 129) and then backcrossed to inbred strain C57BL/6J (B6). The Trp53 mutation was also inbred on a B6 background. Thus, at the Ccm1 locus, heterozygous animals will have one mutant 129 allele and one wild-type B6 allele. LOH would be indicated by loss of the wild-type B6 allele. The closest linked polymorphic microsatellite to the Ccm1 gene is a polymorphic tetranucleotide repeat mapping ϳ90 kb downstream of Ccm1. As an initial test for LOH using this microsatellite, we microdissected the largest lesion (Figure 1, A and B) using a scalpel blade to remove the lesion from a slide while it was viewed under a dissecting microscope. PCR of DNA isolated from the lesion tissue showed no loss of the B6 allele (data not shown).
Although this initial test proved negative, we realized that the vascular lesion is a complex mixture of different cell types, only one of which may harbor the initial LOH event. To more precisely test the different cell types in and around the lesion, we used laser capture microscopy to isolate material from the same lesion. Within the lesion, we separately isolated vascular endothelium and the interstitial tissue surrounding the vessels. Because it is possible that Ccm1 is not normally expressed in endothelial cells, 24, 25 we also captured a sample of the brain parenchyma immediately flanking the lesion. Both the 129 and B6 alleles amplified from all laser capture samples, indicating that the wild-type Ccm1 allele has not been lost by mitotic recombination or by a large deletion ( Figure 6 ).
No TP53 Mutations in Human CCMs
To test the possibility that the intercross has serendipitously uncovered a direct role for p53 in formation of cavernous malformations, we tested human cavernous malformations for mutations in TP53, the human ortholog of Trp53. DNA was extracted from three independent lesions from two different families with known mutations in CCM1. One of the samples was sequenced for 9 of the 10 coding exons of TP53. The other two samples were sequenced for exons 4 to 8 where the majority of previously reported mutations have been found. No mutations in TP53 were identified.
Discussion
The mouse vascular malformations described in this study are remarkably similar in appearance to human vascular malformations, particularly to cavernous malformations. Both the mouse lesions and human cavernous malformations consist of grossly dilated vessels with a single layer of endothelium and hyalinized walls. Both contain hemosiderin deposits and regions of thrombosis and calcification, indicative of chronic, ongoing hemorrhage. In the best-developed mouse lesions, collagen fills the space between blood vessels as is seen in human cavernous malformations. In other lesions, apparently normal brain parenchyma surrounds the vessels, a characteristic more typical of capillary telangiectasias than cavernous malformations. 1 The largest lesion ( Figure 1B ) contains regions resembling both types of malformation. Significantly, both cavernous malformations and capillary telangiectasias have been observed in the same human patients, and some cavernous malformations contain regions that resemble telangiectasias, suggesting that the two lesions may represent slightly different manifestations of the same disease. It is possible that if these lesions were allowed to mature further in aged mice, they would more closely resemble classical human cavernous malformations. In contrast to the 3-to 4-month life span of these mice, human cavernous malformations most likely grow for many years before clinical presentation. Unfortunately, the frequency of malignancies in older Trp53 Ϫ/Ϫ mice precludes aging the mice much beyond the period at which these animals were analyzed.
The data on laminin expression in human and mouse malformations is intriguing. Given the variability of expression in the mouse malformations, and the disagreement between different groups who have analyzed human lesions, 22, 23 it is possible that loss of laminin expression is a secondary event that occurs later in the formation of a CCM.
If that is the case, only the most developed cavernous malformations would lack laminin expression.
Although the presence of vascular malformations in Ccm1 ϩ/Ϫ Trp53 Ϫ/Ϫ mice is consistent with the two-hit model, we have been unable to confirm it by DNA analysis. Although we cannot rule out the possibility of somatic point mutations or microdeletions, our results indicate that the vascular malformations in Ccm1
Trp53
Ϫ/Ϫ mice are not associated with LOH caused by the chromosome-wide events that have been described in Trp53
Ϫ/Ϫ mice. 20 It remains unclear whether Ccm1 is expressed in mature vasculature. Although expression is ubiquitous in mid-gestation mouse embryos, in situ hybridization of adult brain sections shows expression in neurons with little, if any, expression in vascular endothelium 24, 25 In contrast, an antibody raised against a KRIT1 peptide cross-reacted with endothelial cells and astrocytes, as well as neurons, in sections of human brain. 27 It is possible that cavernous malformations result from defective cell-cell signaling between vascular endothelial cells and the neurons or astrocytes of the surrounding cerebral parenchyma. Because of this uncertainty, we analyzed both vascular endothelium and brain parenchyma surrounding the lesions. We did not, however, separately isolate neurons and astrocytes.
An alternative explanation for our results is that the KRIT1 and p53 proteins both play a role in regulation of vascular growth and interact, either directly or indirectly, to form cavernous malformations. Support for this hypothesis comes from other interaction partners of KRIT1 and from the recent identification of the CCM2 protein, Malcavernin. 10, 11 KRIT1 has been shown to interact with ICAP1 (Itgb1bp1), 12, 13 which binds to both ␤1 integrin and the Rac1 GTPase. 28 In vascular smooth muscle cells, the response to mechanical stress involves signaling from ␤1 integrin to Rac, resulting in activation of p38 MAP kinase, which in turn activates p53. 29 Malcavernin (also known as OSM) has been shown to function as a scaffold protein, linking Rac to downstream kinases in the p38 pathway. 30 If similar signaling pathways are involved in formation of cavernous malformations, both KRIT1 and Malcavernin may indirectly regulate p53 activity.
It is interesting to note that infection of newborn rats with polyoma virus can induce a variety of cerebrovascular lesions that resemble cavernous malformations, capillary telangiectasias, and hemangiosarcomas. 31 Given the ability of polyoma virus to block p53 activity, 32 this result may be additional evidence for the involvement of p53 in formation of cavernous malformations. However, our analysis of three human cavernous malformations with mutations in KRIT1 failed to detect any mutations in TP53, suggesting that formation of cavernous malformations does not necessarily require somatic mutation of TP53. The lack of vascular malformations in the Ccm1 ϩ/ϩ p53 Ϫ/Ϫ mice indicates that loss of p53 alone is insufficient to induce cavernous malformations.
Because CCMs occur in the central nervous system, access to tissue samples is restricted to autopsy specimens and a few surgically resected lesions. Studies aimed at understanding the progression of these lesions are limited to noninvasive procedures such as magnetic resonance imaging. The identification of an animal model that reliably recapitulates many features of the human disease will contribute to our ability to study the progression and pathophysiology of these vascular lesions. 
